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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The choice of suitable process parameters can influence Young´s modulus of additively manufactured materials. Thereby regions 
with different stiffness can be generated to achieve a material gradation adapted to the loading of a component. Similar 
components can be produced with graded materials that are the topic of the Collaborative Research Centre TRR 30 of the 
Deutsche Forschungsgemeinschaft (DFG). If cracks grow near regions with differing stiffness, curved crack paths occur. In order 
to establish basic rules about the propagation behaviour of fatigue cracks in regions with differing stiffness the crack paths and 
the stress intensity factors for such cracks are numerically determined with the specially designed numerical crack growth 
simulation program ADAPCRACK3D. Hereby the orientation angle of the region boundaries and Young´s modulus of these 
regions are varied. 
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1. Introduction 
A gradation of the material properties adapt d to the local loading of a component is an important topic of the 
Collaborative Research Centre TRR 30 of the Deutsche Forschungsgemeinschaft (DFG). An appropriate material 
gradation through different values of Young´s modulus is achievable by the choice of suitable process parameters 
during the selective laser melting (SLM). SLM is an additive manufacturing process and is one of the main research 
fields of the Direct Manufacturing Research Center (DMRC) of the Paderborn University. By the simultaneous use 
of two lasers with different output for the manufacturing of particular regions of a component it is possible to create 
regions with different Young´s modulus within the component although only one type of powder is used during the 
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selective laser melting. Due to the different values of Young´s modulus in particular regions changes in stiffness 
occur at the region boundaries.  
Depending on the way a crack penetrates the zone of influence of regions with differing stiffness the crack may 
grow towards or away from that region. Both cases result in curved crack paths that cannot be explained only by the 
global loading situation. Curved crack paths result from mixed mode loading at the crack tip. Thereby in general the 
basic crack opening modes, see Fig. 1, tensile opening (mode I), in-plane shear (mode II) and anti-plane shear (mode 
III) co-occur. 
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Fig. 1. Basic crack opening modes, Richard and Sander (2009) 
Whereas a crack propagates self-similar under mode I loading it deflects under mode II loading about the angle 
߮଴ and twists under mode III loading about the angle ߰଴, see Fig. 2. Under superposition of all three modes, the crack simultaneously deflects and twists, see Fig. 2. Under plane mixed mode with continuously changing ratios of 
mode I and mode II curved cracks form in the x-y-plane according to Fig. 1. 
 
 
Fig. 2. Crack propagation under different crack opening modes, Richard and Sander (2009) 
2. Simulation model for the investigation of fatigue crack growth near regions with different stiffness 
Simulation models based on the CT-specimen according to Fig. 3 are used to investigate the influence of regions 
with differing stiffness and variable orientation on the course of fatigue cracks. A three-dimensional model is 
required for the present investigation since the crack growth is simulated with the specially designed numerical crack 
growth simulation program ADAPCRACK3D developed by the Institute of Applied Mechanics of the Paderborn 
University (Fulland 2003). This program system applies only for three-dimensional models. The default thickness of 
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the specimen is 2mm. Young´s modulus is 100GPa in the pliable region and 150GPa in the stiffer region. For 
Poisson´s ratio ν = 0.3 applies. The material behaviour is idealised as linear elastic, isotropic and homogeneous. 
According to the right side of to Fig. 3 the CT-specimen is partitioned through a sloped borderline into two 
regions. The simulation models differ in the orientation angle α of the region boundary that is varied from 22.5° to 
90° in increments of 22.5°. For every orientation angle two simulations are conducted. One time the crack starts in 
the pliable region and grows towards the stiffer region and one time reversed. Along the x-axis the distance between 
the tip of the initial crack and the region boundary is the same in all cases. 
 
 
 
Fig. 3. Geometry of the CT-specimen and positioning of the region boundary 
Fig. 4 shows the boundary conditions of the simulation model. All simulation models are supported at the 
positions A, B and C. The bearing is statically determined and symmetrical. The specimen is loaded with distributed 
loads of 1000N/mm. For a specimen thickness of 2mm the resulting load is 2kN. The boundary conditions are 
chosen in a way that all bearing reactions vanish and a symmetrical deformation occurs if Young´s modulus is the 
same in all regions. In this case, a pure mode I-loading is present and the crack growth should be straight. 
 
 
Fig. 4. Definition of the boundary conditions 
Fig. 5 shows a typical global mesh exemplary for the CT-specimen with a change in stiffness with an orientation 
angle α = 45°. The mesh consists of 10-noded quadratic tetrahedral elements. Within the region, where the crack will 
most likely propagate, the edge length of the elements is 0.2mm. In the peripheral regions, an edge length of the 
elements of 0.4mm is sufficient. 
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Fig. 5. FE-meshes for the CT-specimen with an orientation angle α = 45° for the region boundary and the initial crack model 
For the crack growth simulation with ADAPCRACK3D the global mesh is unstitched along the crack surface 
with the aid of a crack model. The crack model is a surface mesh that represents only the surface of the crack. At the 
beginning of the simulation, the crack model is the mesh of the initial crack model shown in Fig. 5. The rectangular 
surface of the initial crack is evenly meshed with 10 linear triangle elements in thickness direction and 5 linear 
triangle elements in longitudinal direction. The initial crack has a lateral length of 1mm. For a growing crack the 
crack model is incrementally extended with additional crack surfaces in the direction depending on the estimated 
mixed mode ratio. Since the present investigation in principle represents a plane problem ADAPCRACK3D is 
modified in a way that with every simulation step a uniform crack increment over the specimen thickness with a 
fixed lateral length of 0.2mm is achieved. For the calculation of the stress intensity factors ADAPCRACK3D uses 
the modified virtual crack closure integral (MVCCI) after Rybicki and Kanninen 1977 applied to a comoving 
submodel composed of a regular linear hexahedral mesh containing the crack front. First for every node at the crack 
front, the energy release rates GI, GII and GIII for the respective crack opening modes are calculated. For the 
calculation of the stress intensity factors from the energy release rates a state of plane stress is assumed. The 
equations valid for the state of plane stress read ܭூ ൌ ඥܩூܧ and ܭூூ ൌ ඥܩூூܧ. Since plane mixed mode loading is existent, the mean values of the stress intensity factors KI and KII over the thickness of the specimen are used to 
calculate the crack deflection angles with the maximum tangential stress criterion after Erdogan and Sih 1963. The 
stress intensity factor KIII is neglected to avoid a twisting of the crack surface. Furthermore it is meaningful to use 
the mapped mesh-method for the meshing of the initial crack as shown in Fig. 5 to achieve constant crack deflection 
angles over the thickness of the specimen, because ADAPCRACK3D uses local coordinate systems based on the 
mesh of the previous crack surface to calculate the coordinates of the new crack front nodes. Thus, the mesh of crack 
remains uniform even during the extension of the crack.  
3. Verification of the crack growth simulations 
Prior to executing the actual numerical simulations of CT-specimens with regions of differing stiffness, it is 
verified if the simulation model and the modified version of ADAPCRACK3D are suitable for the planned 
investigations. Therefore, simulations with the intended different values of Young´s modulus in both regions and a 
constant orientation angle α = 90° of the region boundary are conducted. Due to symmetry, the portion of mode II 
should be zero and the crack should grow straight independent of Young´s modulus in both regions. The evaluation 
of the numerically determined resulting crack paths for all cases with α = 90° shows, that only small varying 
portions of mode II occur and that crack paths are almost straight with slight deviations from zero in y-direction 
corresponding to the typical numerical oscillations. Already numerical inaccuracies due to an asymmetric FE-mesh, 
typical for using the free mesh option, cause slight deviations from a straight crack path. Additionally it is verified if 
the application of mean values for the stress intensity factors has a significant influence on the calculated crack paths 
or the course of the stress intensity factors along the crack paths. For this purpose, various evaluation methods for 
the course of the stress intensity factors over the thickness of the specimen are compared. Fig. 6 shows an exemplary 
distribution of the raw data of KI along the crack front over the thickness of the specimen compared with the courses 
of KI smoothed with a 4th degree polynomial regression and as mean value. The smoothing of the courses of the 
FE-mesh of the initial crack model 
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stress intensity factors along the crack front with an appropriate polynomial regression is considered because 
Dibblee 2016 showed, that this method stabilizes crack growth simulations with ADAPCRACK3D. Further, 
numerical fluctuations and the deviations from the reference solutions of the stress intensity factor curves are 
reduced for growing crack lengths. 
 
 
Fig. 6. Course of KI along the crack front over the thickness of the specimen 
The comparison of the courses of KI along the crack front in Fig. 6 shows that the evaluation of the stress 
intensity factor curves using the mean value for every crack increment is obviously possible since specimen with 
constant thickness are investigated.  
 
  α = 45°; E1 = 100GPa; E2 = 150GPa α = 22.5°; E1 = 150GPa; E2 = 100GPa 
Fig. 7. Courses of KI for different fracture mechanical evaluations 
In Fig. 7 the courses of KI along the crack path, evaluated with a 4th degree polynomial regression and evaluated 
using the mean value, are plotted over the projection of the crack length on the x-axis. Fig. 7 compares two cases. In 
the first case the crack starts in the region with lower Young´s modulus and runs towards the region with higher 
Young´s modulus and the orientation angle of the stiffer region is α = 45°. In the second case the crack starts in the 
region with higher Young´s modulus and runs towards the region with lower Young´s modulus and the orientation 
angle of the pliable region is α = 22.5°. Both comparisons show that the courses of KI are in principle the same for 
the two types of evaluation and have similar characteristics. However, by evaluating the course of KI along the crack 
path using mean values numerical fluctuations are significantly reduced and the curves are much smoother than 
using a 4th degree polynomial regression. 
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Fig. 8 shows that the corresponding crack paths for both evaluation methods are almost the same, although the 
crack increment for the evaluation with the polynomial regression is not constant over the thickness of the specimen 
as for the evaluation with the mean value. For the evaluation with the polynomial regression the extension of the 
crack length along the crack front depends for every simulation step on the local stress intensity factor.  
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Fig. 8. Crack paths for different fracture mechanical evaluations 
The verification of the fracture mechanical evaluation method shows that the use of the mean value of the stress 
intensity factor over the thickness of the specimen is permissible and in principle provides more accurate results 
compared to reference solutions from the literature. Moreover, the crack growth simulation with ADAPCRACK3D 
runs even more stable in using the average value for the stress intensity factors but smoothing the course of the stress 
intensity factor over the thickness using the polynomial regression method. 
4. Results of the crack growth simulations 
The simulation results for the crack paths in Fig. 9 show that except for α = 90° the crack grows curved. The 
simulated crack paths in case that the crack starts in the pliable region with a Young´s modulus of 100GPa and 
grows towards the stiffer region with a Young´s modulus of 150GPa are shown on the left side of Fig. 9. The crack 
leaves the x-axis, which coincides with the geometric symmetry axis of the specimen and grows away from the 
stiffening. The deviation from the x-axis increases with the inclination of the region boundary. When α = 22.5° the 
crack path approaches a tangent to the region boundary and does not enter the stiffer region. In case of the 
orientation angles α = 67.5° and α = 45° the crack crosses the region boundary and the entrance angle β according to 
Fig. 11 becomes smaller than the orientation angle α. When the crack enters the stiffer region, the crack path has a 
turning point and the curvature of the path changes. Supplementary investigations with a Young´s modulus of 
200GPa in the stiffer region show that at the same orientation angle α the deviation of the crack path from the x-axis 
of the region boundary is greater than with the Young´s modulus of 150GPa in the stiffer region. Already at α = 45°, 
the crack barely crosses the region boundary. The results support the conclusion that a fatigue crack does not enter a 
stiffer region, if the stiffness mismatch Ē according to equation (1) is sufficiently high and if the crack grows 
sufficiently flat towards this region. 
The simulated crack paths in case that the crack starts in the stiffer region with a Young´s modulus of 150GPa 
and grows towards the pliable region with a Young´s modulus of 100GPa are shown on the right side of Fig. 9. The 
curvature of the crack path increases with the inclination of the boundary of the second region. The crack shortens 
the way to the change in stiffness whereby the entrance angle β according to Fig. 11 becomes greater than the 
orientation angle α. When the crack enters the pliable region, the crack path as well has a turning point and the 
curvature of the path changes. Supplementary investigations with a Young´s modulus in the pliable region that is 
half the Young´s modulus of the stiffer region are carried out. The result is that the deviation of the crack path and 
thus the entrance angle β into the second region grow with the absolute value of the negative stiffness mismatch Ē. 
According to Fig. 11 the entrance angle β obviously approaches a maximum with increasing absolute value of the 
negative stiffness mismatch Ē. Similar to the findings for inclusions with different stiffness mismatch Ē in Kullmer 
2016 this maximum is apparently reached for the same absolute value of the stiffness mismatch Ē in case that the 
cracks grows towards the stiffer region and just misses to cross the region boundary. 
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stress intensity factors along the crack front with an appropriate polynomial regression is considered because 
Dibblee 2016 showed, that this method stabilizes crack growth simulations with ADAPCRACK3D. Further, 
numerical fluctuations and the deviations from the reference solutions of the stress intensity factor curves are 
reduced for growing crack lengths. 
 
 
Fig. 6. Course of KI along the crack front over the thickness of the specimen 
The comparison of the courses of KI along the crack front in Fig. 6 shows that the evaluation of the stress 
intensity factor curves using the mean value for every crack increment is obviously possible since specimen with 
constant thickness are investigated.  
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Fig. 7. Courses of KI for different fracture mechanical evaluations 
In Fig. 7 the courses of KI along the crack path, evaluated with a 4th degree polynomial regression and evaluated 
using the mean value, are plotted over the projection of the crack length on the x-axis. Fig. 7 compares two cases. In 
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path using mean values numerical fluctuations are significantly reduced and the curves are much smoother than 
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Fig. 8 shows that the corresponding crack paths for both evaluation methods are almost the same, although the 
crack increment for the evaluation with the polynomial regression is not constant over the thickness of the specimen 
as for the evaluation with the mean value. For the evaluation with the polynomial regression the extension of the 
crack length along the crack front depends for every simulation step on the local stress intensity factor.  
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runs even more stable in using the average value for the stress intensity factors but smoothing the course of the stress 
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4. Results of the crack growth simulations 
The simulation results for the crack paths in Fig. 9 show that except for α = 90° the crack grows curved. The 
simulated crack paths in case that the crack starts in the pliable region with a Young´s modulus of 100GPa and 
grows towards the stiffer region with a Young´s modulus of 150GPa are shown on the left side of Fig. 9. The crack 
leaves the x-axis, which coincides with the geometric symmetry axis of the specimen and grows away from the 
stiffening. The deviation from the x-axis increases with the inclination of the region boundary. When α = 22.5° the 
crack path approaches a tangent to the region boundary and does not enter the stiffer region. In case of the 
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turning point and the curvature of the path changes. Supplementary investigations with a Young´s modulus of 
200GPa in the stiffer region show that at the same orientation angle α the deviation of the crack path from the x-axis 
of the region boundary is greater than with the Young´s modulus of 150GPa in the stiffer region. Already at α = 45°, 
the crack barely crosses the region boundary. The results support the conclusion that a fatigue crack does not enter a 
stiffer region, if the stiffness mismatch Ē according to equation (1) is sufficiently high and if the crack grows 
sufficiently flat towards this region. 
The simulated crack paths in case that the crack starts in the stiffer region with a Young´s modulus of 150GPa 
and grows towards the pliable region with a Young´s modulus of 100GPa are shown on the right side of Fig. 9. The 
curvature of the crack path increases with the inclination of the boundary of the second region. The crack shortens 
the way to the change in stiffness whereby the entrance angle β according to Fig. 11 becomes greater than the 
orientation angle α. When the crack enters the pliable region, the crack path as well has a turning point and the 
curvature of the path changes. Supplementary investigations with a Young´s modulus in the pliable region that is 
half the Young´s modulus of the stiffer region are carried out. The result is that the deviation of the crack path and 
thus the entrance angle β into the second region grow with the absolute value of the negative stiffness mismatch Ē. 
According to Fig. 11 the entrance angle β obviously approaches a maximum with increasing absolute value of the 
negative stiffness mismatch Ē. Similar to the findings for inclusions with different stiffness mismatch Ē in Kullmer 
2016 this maximum is apparently reached for the same absolute value of the stiffness mismatch Ē in case that the 
cracks grows towards the stiffer region and just misses to cross the region boundary. 
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Fig. 9. Crack paths for different orientations of the second region 
The left side of the Fig. 10 illustrates the courses of the stress intensity factor KI plotted over the projection of the 
crack length on the x-axis in the case that the crack starts in the pliable region and grows towards the stiffer region. 
This type of illustration is used, since by plotting the results over the x-coordinate of the crack tip position a direct 
comparison of all results for the investigated orientations of the region boundary including the reference results for 
the homogeneous specimen is possible. If the crack is still sufficiently far away from the region border, the 
simulation results show that the courses of KI for all specimens with two regions are equal but smaller than the 
reference results for the homogeneous specimen. In the vicinity of the region boundary the deviations of KI from the 
reference results increase and KI reaches almost constant values. Apparently, the stiffer region shields the stress 
intensity at the crack as long as the crack grows in the pliable region. This influence is strongest when the crack 
grows perpendicular towards the region boundary. When the crack crosses the region boundary, the stress intensity 
factor increases abruptly and approximates the reference solution. Since the energy release rate is continuous when 
the crack crosses the region boundary and the relation ܭூ ൌ ඥܩூܧ is valid the height of the jump of KI depends on the ratio of the Young´s moduli of both regions. A similar observation is described in Kullmer 2016. The simulation 
results also show that for KI the crack length projected on the x-axis is essential, if the crack has entered the 
obliquely oriented second region, although the crack path is significantly different from the x-axis. An exception is 
the course of KI for the specimen with α = 22.5°. In this case, KI is always smaller than the reference solution and 
has no jump because the crack stays in the pliable region and does not cross the region boundary. 
The left side of the Fig. 10 illustrates the courses of the stress intensity factor KI plotted over the projection of the 
crack length on the x-axis in the second case that the crack starts in the stiffer region and grows towards the pliable 
region. The simulation results show that the courses of KI are complementary to the first case. If the crack is still 
sufficiently far away from the region border, the courses of KI for all specimens with two regions are equal but 
greater than the reference results for the homogeneous specimen. In the vicinity of the region boundary the 
deviations of KI from the reference results increase progressively. When the crack crosses the region boundary, KI 
decreases abruptly and approximates the reference solution. 
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Fig. 10. Courses of KI for the crack growth starting in the pliable region 
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As shown in Fig. 9 the crack paths in the specimens with inclined second region are in general slightly curved 
because a certain portion of mode II is present in this case. The absolute values of KII are small compared to the 
values of KI but not zero. At the region boundaries the sign of KII changes. Comparable to the findings for inclusions 
with different stiffness in Kullmer 2016 the curvature of the crack path correlates with the portion of mode II.  
The comparison of the crack paths shows that at the transition from pliable to stiff the crack grows away from the 
region boundary and thus reduces the entrance angle β as defined in Fig. 11 in comparison to the orientation angle α. 
At the transition from stiff to pliable the crack tends to grow towards the region boundary and thus increases the 
entrance angle β in comparison to the orientation angle α. Fig. 11 shows the dependency of the entrance angle β on 
the stiffness ratio and on the orientation angle α of the region boundary. For the consideration of the stiffness ratio 
the stiffness mismatch Ē according to Kullmer 2016 is used. 
 
12
12
EE
EEE 
    (1) 
In this connection E1 is Young´s modulus of the first region and E2 is Young´s modulus of the second region. If 
E1 and E2 are equal the stiffness mismatch is zero. Therefore, the crack does not deflect and the entrance angle β is 
equal to the orientation angle α. If E2 is less than E1 the stiffness mismatch Ē is negative but at least -1. If E2 is 
greater than E1 the stiffness mismatch Ē is positive but not more than +1. If the values of E1 and E2 of the both 
regions are interchanged the sign of Ē changes but the absolute value of Ē remains constant. 
The results on the left side of Fig. 11 show that dependent on the orientation angle α the entrance angle β 
becomes zero for certain positive values of Ē. This means that a crack does not enter a sufficiently stiff second 
region. On the other hand the entrance angle β obviously approaches a maximum at the corresponding negative 
value of the stiffness mismatch Ē. This can be seen clearly with the results for α = 45° in Fig. 11. 
 
  
Fig. 11. Entrance angle β of the crack path at the region boundary depending on the stiffness mismatch 
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Fig. 9. Crack paths for different orientations of the second region 
The left side of the Fig. 10 illustrates the courses of the stress intensity factor KI plotted over the projection of the 
crack length on the x-axis in the case that the crack starts in the pliable region and grows towards the stiffer region. 
This type of illustration is used, since by plotting the results over the x-coordinate of the crack tip position a direct 
comparison of all results for the investigated orientations of the region boundary including the reference results for 
the homogeneous specimen is possible. If the crack is still sufficiently far away from the region border, the 
simulation results show that the courses of KI for all specimens with two regions are equal but smaller than the 
reference results for the homogeneous specimen. In the vicinity of the region boundary the deviations of KI from the 
reference results increase and KI reaches almost constant values. Apparently, the stiffer region shields the stress 
intensity at the crack as long as the crack grows in the pliable region. This influence is strongest when the crack 
grows perpendicular towards the region boundary. When the crack crosses the region boundary, the stress intensity 
factor increases abruptly and approximates the reference solution. Since the energy release rate is continuous when 
the crack crosses the region boundary and the relation ܭூ ൌ ඥܩூܧ is valid the height of the jump of KI depends on the ratio of the Young´s moduli of both regions. A similar observation is described in Kullmer 2016. The simulation 
results also show that for KI the crack length projected on the x-axis is essential, if the crack has entered the 
obliquely oriented second region, although the crack path is significantly different from the x-axis. An exception is 
the course of KI for the specimen with α = 22.5°. In this case, KI is always smaller than the reference solution and 
has no jump because the crack stays in the pliable region and does not cross the region boundary. 
The left side of the Fig. 10 illustrates the courses of the stress intensity factor KI plotted over the projection of the 
crack length on the x-axis in the second case that the crack starts in the stiffer region and grows towards the pliable 
region. The simulation results show that the courses of KI are complementary to the first case. If the crack is still 
sufficiently far away from the region border, the courses of KI for all specimens with two regions are equal but 
greater than the reference results for the homogeneous specimen. In the vicinity of the region boundary the 
deviations of KI from the reference results increase progressively. When the crack crosses the region boundary, KI 
decreases abruptly and approximates the reference solution. 
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Fig. 10. Courses of KI for the crack growth starting in the pliable region 
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As shown in Fig. 9 the crack paths in the specimens with inclined second region are in general slightly curved 
because a certain portion of mode II is present in this case. The absolute values of KII are small compared to the 
values of KI but not zero. At the region boundaries the sign of KII changes. Comparable to the findings for inclusions 
with different stiffness in Kullmer 2016 the curvature of the crack path correlates with the portion of mode II.  
The comparison of the crack paths shows that at the transition from pliable to stiff the crack grows away from the 
region boundary and thus reduces the entrance angle β as defined in Fig. 11 in comparison to the orientation angle α. 
At the transition from stiff to pliable the crack tends to grow towards the region boundary and thus increases the 
entrance angle β in comparison to the orientation angle α. Fig. 11 shows the dependency of the entrance angle β on 
the stiffness ratio and on the orientation angle α of the region boundary. For the consideration of the stiffness ratio 
the stiffness mismatch Ē according to Kullmer 2016 is used. 
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In this connection E1 is Young´s modulus of the first region and E2 is Young´s modulus of the second region. If 
E1 and E2 are equal the stiffness mismatch is zero. Therefore, the crack does not deflect and the entrance angle β is 
equal to the orientation angle α. If E2 is less than E1 the stiffness mismatch Ē is negative but at least -1. If E2 is 
greater than E1 the stiffness mismatch Ē is positive but not more than +1. If the values of E1 and E2 of the both 
regions are interchanged the sign of Ē changes but the absolute value of Ē remains constant. 
The results on the left side of Fig. 11 show that dependent on the orientation angle α the entrance angle β 
becomes zero for certain positive values of Ē. This means that a crack does not enter a sufficiently stiff second 
region. On the other hand the entrance angle β obviously approaches a maximum at the corresponding negative 
value of the stiffness mismatch Ē. This can be seen clearly with the results for α = 45° in Fig. 11. 
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